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Abstract

Rezaei, Seyed Emad. M.S.M.S.E. Department of Mechanical and Materials Engineering,
Wright State University, 2018. Defect Engineering: Novel Strengthening Mechanism for
Low- Dimensional Zinc Oxide Nanostructures.

The advent of nanomaterials has opened a new avenue for designing and fabricating
materials with unique properties, e.g., superior mechanical properties. Based on a common
notion, the perfect structures are assumed to exhibit better mechanical properties, such as
higher yield strength and Young’s modulus. Therefore, researchers have devoted an
extensive amount of time to decrease defect concentration by fabricating materials with the
micro/nanoscale, e.g., nanowires (NWs) and nanobelts (NBs), to enhance the mechanical
characteristics of the system. However, defects are a part of the fabrication process and
precise control over synthesizing procedure is needed to eliminate them from the material.
In this work, we showed, with the help of the classical molecular dynamics method, that
these inherited defects can be employed as a microstructural feature to improve the
mechanical properties of low dimensional nanomaterial, i.e., defect engineering. Our
results indicate that the NWs with a high density of I1 stacking faults (I1-SFs) show higher
compressive/tensile critical stress (14% increase), as well as Young’s Modulus (37%
increase), in comparison to the perfect structure over a wide range of temperature: ranged
iii

from 0 K to 500 K. Such an improvement is in agreement with the in-situ experimental
measurements of highly defective GaAs NWs, and can be justified by interplay between
surface stresses and the intrinsic stress field of locked SFs. The SF-induced stresses are
partially relaxed by raising the temperature for this non-trivial strengthening.
Moreover, a specific stress relaxation mechanism, twin boundary formation, was found to
take place in highly defected NWs, which further postponed the phase transition from
hexagonal (HX) to cubic and subsequently boosted the toughness of NWs; this
phenomenon appears as a stress plateau in highly defected NWs. Numerous parametric
studies on the system variables, such as cross-section geometry, aspect ratio, width, and SF
distribution, were performed to find the optimum design. Our results demonstrated the
promise and applicability of this strengthening method over a wide temperature range and
geometrical features. This novel method, defects engineering, adds a new parameter to the
design-space of materials and also paves the way to the fabrication of a new class of
materials with superior mechanical properties, including higher stiffness, strength, and
ductility.
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Chapter 1. Introduction
1. 1. Introduction
Nanomaterials have been attracting attention due to their extraordinary thermal, electrical,
and mechanical properties which may help to solve some current universal concerns in the
realm of science and engineering. Experimentalists have been producing new materials by
use of modern fabrication methods, whereas, computational materials science assists
scientists to investigate properties of new structures which could be hard to conduct by
experiments. Furthermore, it can sometimes even predict materials with unique properties
that have not been synthesized. When it comes to nano-scaled materials, defects play a
major role. Also, investigating the effect of defects on material properties is very
challenging due to the experimental limitations, e.g. presence of defect in nanotubes. All
in all, computational materials science permits researchers to have accurate anticipations
of potentials and, further, possible applications of materials for a fraction of the cost [1].
In this thesis, computational materials science, more specifically classical molecular
dynamics, are employed to investigate mechanical properties of low-dimensional
nanostructures, nanobelts, and nanowires of Zinc oxide. The main focus is on the
mechanical properties of 1D-materials due to their great importance in design of devices
under harsh environments such as corrosive atmosphere, high pressure applications, and
high turbulence.
1.2. Background
ZnO is found to be a key technological structure. High electromagnetic coupling and
asymmetry of Wurtzite bear great piezoelectricity which makes it a promising candidate
for sensors [2] and actuators[3]. ZnO’s wide bandgap and great exciton energy, which are
3.37 [4]and 0.06 ev[5], respectively, make it to be found a very promising candidate in
electronic and optical applications in low voltage and short wavelength. Moreover, ZnO
1

has the highest diversity in nanostructures including nanoroads[6], nanowires, nanosprings,
nanobelts, nanohelices[7] , and nanobows[8]. In all mentioned applications mechanical
properties are of great importance because they determine design, maintenance,
manufacturing, and productivity of such devices. Although mechanical properties of bulk
ZnO are well studied, relatively large scatter values have been reported for ZnO
nanostrucutres ranging from 21, achieved through a single clamped NW bending test[9],
to 58 GPa, conducted by a mechanical resonance test [10]. The mechanical properties of
ZnO , whether single crystal or in the form of polycrystalline films, have been recorded by
various methods such as nanoindentation and ultrasonic [11]. Young’s modulus of (0001)oriented bulk ZnO was measured to be 111 GPa almost independent of penetration depth
of nanoindenter [12], while a wide range of values from 40 to 120 GPa were denounced
for polycrystalline ZnO [11].
There are two general methods to measure mechanical properties of nanostructures of ZnO.
In the first technique an oscillating electric filed is applied on the nanostructure, which is
free at one end and fixed at the other end, and the corresponding response is detected under
electronic microscopes. The modulus is then calculated by physical dimensions and
resonance frequency [13]. The second method includes use of an atomic force microscope
to determine the applied force and deformation [14].
This work is focused on two nanostructures of ZnO: NWs and NBs.

1.2.2 ZnO Nanowires
ZnO NWs are attracting enough attention to be employed in various applications, including
optoelectronics, biomedical and mechanical[9]. In the biomedical field, the main problem
used to be the shortage of luminescence wave lengths and the low intensity, which
restricted efficiency. Zhang et.al [15] developed green fluorescent ZnO NWs to solve this
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problem and utilized it to help with the imaging of cancer cell [16]. Aligned ZnO NWs also
exhibit ultraviolet lasing action with a threshold of 40 kw/cm2 in optical exciton[17].
ZnO NWs are mainly fabricated through vapor-solid growth[18] or a vapor-liquid-solid
technique[19] where the liquid phase, in the initial growth step, is generated by metallic
particles catalysts. Ghafouri et.al recently synthesized ZnO NWs raised resistivity
evaporation method without any catalyst and at a low temperature[20].
In such applications, NWs might undergo compression or tension and therefore, physical?
properties including toughness, critical stress and ductility are of great importance to design
and efficiency. Experimental measurements of mechanical properties in NWs are not able
to be easily conducted due to difficulties in setting standard tests. The most common
experimental method to measure these mechanical properties is the situ SEM/TEM tensile
test conducted through microelectromechanical systems[21]. Other than that, there is
bending by AFM [22], resonance in SEM and TEM [13], and nanoindentation [23]. None
of these experimental techniques have yielded consistent results though. As an example,
Young’s modules were found to be inversely proportional to the NW diameter [13], while
it was later reported to be independent of size[24]. Not only do possible errors during
experiments create differences, but loading modes, weather? tension, compression,
bending, and resonance, are also determining factors. Computational materials science,
including molecular dynamics and continuum mechanics, have been exploited to estimate
the mechanical properties of NWs as well.
Young’s modulus of NWs was reported to be independent of diameters ranging from 18 to
304 nm measured by hiring AFM lateral method[25]. The average of Young’s modulus of
NWs was found to be 144 GPa which is close to bulk’s and thin films’.

Xu et.al [26] denounced that fracture strain and strength of NWs were found to go up by
shrinking the diameter, including by bending, conducting by buckling, and tension
3

performed in situ SEM by an AFM cantilever and a nanomanipulator probe as load sensor
and actuator, respectively, and later, confirmed by continuum mechanics models. Under
tension test, when the diameter changed from 80 to 20 nm Young’s modulus, fracture strain
and fracture stress increased from 135, 0.32 and 4 to 190 GPa, 0.60 and 11 GPa,
respectively, whereas, in buckling, Young’s modulus raised up more quickly from 140 to
210 GPa. The first model is the core-surface in which the main assumption follows a core
whose surface modulus and Young’s modulus are S and Ec, respectively. Such that, in a
tension test on a circular cross section with diameter D, the effective Young’s modulus is
defined as:
E  Ec  4

S
D

(1)

In bending there is a factor of 2 multiplied by the S/D ratio as following equation:
E  Ec  8

S
D

(2)

The second model is core-shell where NWs are assumed to have outer diameter and shell
thickness of D and rs. effective Young’s modulus under tension and bending are defined,
respectively:

E
r
r2 
E  Ec 1  4( s  1)( s  s 2 ) 
Ec
D D 


Es
rs
rs2
rs3
rs4 
E  Ec 1  8(  1)(  3 2  4 3  2 4 ) 
Ec
D
D
D
D 


(3)

(4)

The above equations are proved in ESM. Regarding Eq. 3 and 4, the lower diameters would
bear the higher elastic modulus.
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1.2.3 ZnO Nanobelts
Nanobelts (NBs) are another common nanostructure of ZnO. These have rectangular crosssectional areas with widths that range from 30 nm to 2 µm, lengths that range from
nanometers up to a few millimeters, and width to thickness ratios of 1-10. Geometrical
characteristics as well as semiconducting properties make NBs promising candidates for
resonators[27], sensors and actuators [28], nanocantilevers [29], and field effect transistors
[30]. Table 1 shows the modulus values of ZnO NBs that were reported using various
experimental methods, Greater values of the Young's modulus than the bulk modulus were
anticipated by molecular dynamics simulations of NBs with thicknesses and widths no
greater than 4 [31].

Table 1. Size dependencies of Young’s and Bending Moduli in ZnO NBs measured by
different techniques
Measurement
Method

Young’s
Modulus(GPa)

Bending
Modulus(GPa)

Resonance
Frequencies
[27]
Mechanical
Beam Resonator
[32]
AFM [33]
AFM Tip in a
Three-point
Bending[23]
Modulated
Nanoindenter
[34]

52

Size
Dependency

-

Width to
Thickness
Ratio
1.1-1.7

85-38

-

1.4-4.4

Dependent

-

105-162
32-57

1.1-1.3
2-10

Dependent
Dependent

55-108

-

1.3-2.2

Dependent
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Independent

Chapter 2. Nanowires (NWs)

2.1. Methodology
2.1.1 Molecular Dynamics
Molecular dynamics (MD) is one of the most common methods to perform atomistic
simulations, in which calculations are achieved by solving Newton's second law [35]. In
other words, bonds and atoms are considered to behave as springs and soft spheres [36].
The main advantage of MD over density functional theory (DFT) and ab initio
methodologies is to enable running calculations on systems consisting of millions of atoms
[37]. The first paper using the MD technique was published in 1953, in which a Monte
Carlo method was applied to calculate the equation of state [38]. Later in the mid 1990s,
Sandia and Lawrence Livermore National Labs introduced the LAMMPS software, or
Large-Scale Atomic/Molecular Massively Parallel Simulator. Its development continued
and in 2001, the final F90 version was offered. Three years later, LAMMPS was rewritten
in the C++ language, which is still employed today. The most recent version includes
capabilities of other codes from Sandia such as GranFlow, ParaDyn, and Warp, enabling
one to utilize a larger number of potentials.

2.1.2 Simulation Method
Both ZnO Nws and NBs structures, which are crystalized in hexagonal system knows as
Wurtzite (WZ), are modeled in LAMMPS. WZ structure contains stacking fault
ABABABAB; where each letter corresponds to zinc and oxygen atoms layer. The most
common planar defect in NWs was found to be I1-SF [39], where sequence of stacking
would turn to ABAB|CBCB ,and thus, the fault is placed between layer B and C. low
formation energy of such a planar defect causes it to be developed during fabrication of
NWs [40]. The I1-SF burger vector R  1 3 0110  1 2  0001 [37] was developed by

6

removing a layer from the perfect crystal and moving the other portion of NW by R
exhibited in Fig. 1 a. Fig. 1b shows the radial distribution function (RDF) of WZ structure
of ZnO which represents the probability of finding at atom within a sphere whose radius is
r.

Figure 1. (a) The I1-SF crystal structure. The dashed line shows the SF location along [0001]
direction, lower case and uppercase letters denounce Oxygen and Zinc atoms, respectively. (b)
RDF graph of a perfect NW crystallized in WZ form at T=300K.

Initially, the NW was relaxed for 500 ps at various simulation temperatures, ranging from
100 to 500 K, under NVE ensemble to equilibrate the energy. The relaxation time was
chosen via an iterative process, ensuring that the stress fields of SFs are relaxed. A
maximum temperature of 500 K is chosen that is smaller than Tm/3≈750K to avoid the
emergence of time-dependent behaviors such as creep. Then, the NPT ensemble with a
Nose–Hoover thermostat was used for another 500 ps to find the relaxed configuration. In
the next stage, a constant strain rate of ± 0.1 1/ps, to avoid strain-rate dependent responses,
was applied along the c-axis, [0001], (Fig. 1 a) to model the mechanical response of NW
under tension/compression. The time step for all simulation cases was 1 fs. All of the
7

simulated NWs have a diameter of 10 nm and are 40 nm in length. The Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code was employed for MD
simulations. Various defect density was introduced in NW; the number of stacking faults
varies between 2 to 26 that are separated with equal distances. In the bulk structure, SF is
constrained between two partial dislocations and can glide over these partial dislocations
[32] , but due to the high surface-to-volume ratio of NWs, these planar defects are pinned
at the external surfaces and are immobile. The radial distribution function test was
performed on the WZ NW to find the lattice parameters; see Fig. 1 b. The calculated c/a
ratio is 1.55, which is close to the previous DFT calculations (c/a=1.6)

[41], MD

simulations (c/a=1.57) [41], and experimental measurements (c/a =1.606) [42]. The
difference between the obtained ratios is due to the size effect.

2.2 Results and Discussion
2.2.1 Mechanical Properties of NWs
The stress-strain curve for the perfect NW shows a sawtooth plot, in which stress increases
with raising strain, and elastic energy remains in the structure. When the value of stress
approaches to a critical value, i.e. critical stress, such an energy would be dissipated
through stress relaxation mechanisms such as heat, deformation and, dislocation
nucleation/phase transition, which can be designated as a critical strain. The stress-strain
curves of a perfect and defective NWs with 2, 13, and 26 SFs at temperature of 300 K are
plotted in Figs.2-5. Corresponding strain changes of a perfect NW under
tensile/compression test are exhibited in Fig 2. Moreover, phase transition steps are
depicted on curve, which is in accordance with previous works over perfect ZnO NWs
[43].
Under compression test, nucleation of hexagonal (HX) polymorph results in lowering the
stress (point PC2), whereas during tensile, nucleation of a body center tetragonal polymorph
(BCT) (point PT2) dissipates the stress. Nucleation and propagation of new phases were
8

conducted and visualized by coordination analysis during mechanical tests; as shown in
Fig. 2 b-c. free surfaces were observed to be the most continent location for new phase
nucleation because of broken bonds and, consequently, greater energy on surfaces. Under
compressive loading, HX phase nucleation occurred at two zones on the free surfaces; the
red areas in Fig. 2 a represent HX phase, and will propagate in higher strains (PC3).
Similarly, under tensile loads BCT phase nucleates at the free surfaces (P T2), herein, the
NW is , however, entirely transformed to BCT phase at high strain values (PT3 in Fig. 2c )

9

Figure 2. Perfect NW. (a) Stress-strain curve and phase transition to HX under compressive
loading (b), phase transition to BCT is observed under tensile loads (c). HX and BCT have the
coordination number of five (red), and coordination number of WZ is four (green). The structure
as well as crucial points, including critical stress, on the curve are shown to explain the
deformation and phase transition. Superscript “T” and “C” indicate being under tensile and
compressive loading, respectively.
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Stacking faults were then generated in the perfect structures in different densities and
followed by tensile/compression loading to explore the influences of presence of SFs on
phase transition as well as mechanical properties. Figs. 3-5 exhibits stress- strain curves as
well as phase transition steps during tensile/ compression tests for defective structures. It
is noteworthy to emphasize that the PT (WZ HX and WZBCT) appeared in the
presence of SFs; the nucleation sites and kinetics of PT, however; depend on SFs density
(shown in Fig.3-5). Stress-strain curve of a NW with two SFs (𝜌𝑆𝐹 = 5 𝑆𝐹/𝜇𝑚) are
exhibited in Fig. 3. In the defected NWs, the HX phase nucleation was found to occur
between the SFs; three HX regions are observed at SFC2 in Fig. 3 b. Formation of highly
deformed regions at the intersection of free surfaces and SFs cease PT and will, further,
cause nucleation sites to displace. Under tension test, the nucleation is less homogenous,
Fig. 3 c, and beginning from one side (point SFT2) and propagation is completed along the
surface (point SFT3). Further increase of the load value results in propagation of the new
phase (BCT) toward the center of NW until the phase transformation is completed (point
SFT4).

A higher density of SFs would bear more nucleation sites between SFs in

compression (Fig. 4, point SFC2), which is associated with local SF-induced stress
distribution. However, do SFs act as barriers to stop growth and propagation of the new
phase. It may then be inferred that the required energy for nucleation should be lower than
perfect structure because of inhomogeneous stress distribution along the NW, while the
required energy for complete phase transition is anticipated to be greater than the perfect
counterpart. The values of nucleation energy for various temperatures and SF density under
compression are summarized in Table 1. The initial reduction in nucleation energy with
respect to the perfect NW and its continuous growth by increasing number of SFs verifies
the hypothesis mentioned above.

11

Figure 3. Stress- strain curve of NW with SF density 50 SF/μm (#SF=2). A higher number of
nucleation sites is available under compressive loads (b) under tensile loads, nucleation seems
more heterogeneous (c). Crystal structures, coordination numbers, phase nucleated, and crucial
points on curve are marked to present deformation mechanism as well as phase transition.
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Table 2. The HX nucleation energy magnitudes in electron volt of various SF density and
temperature in compression.
Temperature (K)
#SF

100K

200K

300K

400K

500K

Perfect
2
3
4
6
13
26

0.261
0.185
0.181
0.228
0.237
0.242
0.326

0.244
0.1683
0.179
0.217
0.222
0.223
0.293

0.239
0.163
0.153
0.207
0.211
0.207
0.287

0.224
0.159
0.158
0.192
0.202
0.207
0.283

0.207
0.150
0.13
0.186
0.183
0.203
0.285

When the SF density was raised to 𝜌𝑆𝐹 = 625 𝑆𝐹/𝜇𝑚 (#SFs=26) mechanical response and
stress relaxation changed as well as phase transition steps; Fig.4. The SF-induced stress
generates phase transition (appearance of BCT phase) at the intersection of SF and free
surface in the absence of external loads (dashed box in Fig. 4 b, point SFT1,C1). An
analogous WZ to BCT reconstruction had been earlier reported via experiments in nanoislands at surfaces [44], which proves the feasibility of this transition. A decrease in SF
spacing leads to an increase in local SF-induced stress because of overlapping stress fields
of neighboring SFs, which subsequently facilitates the local transforming of WZ to BCT
at the SF/free surface intersection. The stable phase in tension is BCT; thus, it may be
expected that the appearance of BCT polymorph will cause an increase in nucleation
energy of HX polymorph in compression; note that HX polymorph is stable under
compressive loading. The accuracy of such an express is verified by comparison the
nucleation energy of highly defective NW, SF=26, versus its perfect counterpart (Table 2).
In such a state, the NW breaks at the SF with no phase transitions; while NWs with low SF
density were entirely transformed to BCT phase under tensile loads (see Fig. 2 c, Fig. 3 c,
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Fig. 4 c). It is then concluded that the density of SF changes deformation and failure mode
of NWs.
In addition, a plateau was recorded in the stress-strain curve of compression (between SFC2
– SFC3), denouncing a remarkable improvement in the load-carrying limitation of defective
NWs. The related physics is explained by ceasing the phase transition at SFs and
subsequently increasing the required load of nucleation and growth of the high-pressure
polymorph within the initial phase. This increase in critical phase transformation load
activates a secondary stress relaxation mechanism, i.e. twin boundary formation (Fig. 5 b,
point SFC4). Herein, (2̅112) twin, which is one of the possible ZnO twin planes [45], was
observed

. Formation of the twin boundary decreases the stress, and will subsequently

reverse phase transition, i.e., HX to WZ. This new mechanism paves the way to making
ultra-high strength, low-dimensional nanostructures via engineering defects.

14

Figure 4. Stress-strain curve of NW SF= 13 or SF density of 325 SF/μm (a). The HX polymorph
was observed at several sites between SFs. The coordination number analysis helped to detect
phase transitions and polymorphs.

15

Figure 5. Stress-strain curve of NW SF=26 or equally 625 SF/μm (#SF=26). (a). The HX
polymorph was seen at several regions between SFs in both tensile and compressive loading.
Brittle fracture took place from the SF location.

Fig.6 depicts the total longitudinal strain distribution, 𝜀𝑧 , in a NW whose density of defects
is 625 𝑆𝐹/𝜇𝑚. At the twin boundary the strain reverses from tensile to compression. In
Fig. 6 b the formation of the twin is shown in details, in which an initial slice was chosen
16

and kept at equilibrium state to study the deformation. This slice is highlighted in red, and
its deformation at the instant of twin formation is illustrated in Fig. 6 b.

Figure 6. Twin formation and total longitudinal strain distribution in highly defected NW. (a) the
strain is localized at the intersection of SF/surface in equilibrium state. (b) An intermediate
loading stage. (c) Relaxed because of twin formation. (d) The narrow red strip was chosen in the
unloaded NW to investigate deformation. (e) Some atoms on the initial red strip were seen to
move forming twin boundary. (f) The close-view of the deformed initial strip and twin plane.

Fig.7 exhibits the stress-strain curve of NW with high density of defects (𝜌𝑆𝐹 =
625 𝑆𝐹/𝜇𝑚) in compression test at temperatures ranging from 100 to 500 K. A stress
plateau appeared in all temperatures the distance between points a and b on Fig. 7. Critical
stress has minor changes, less than 4%, at different temperatures, while the critical strain
(i.e., the strain associated with large drop in stress), goes up to ε z=0.082. This behavior is
related to the effect of temperature on bond strength (i.e., bond softening). Such an
extraordinarily mechanical property assists the highly defective ZnO NWs to be a
promising candidate for devices at elevated temperatures.

17

Figure 7. Highly defective NW stress-strain curves under compression at temperatures ranging
from 100-500 K. The stress plateau was seen for all temperatures and shown by an arrow on the
figure. The deformed structure corresponding to critical stress (point a) and critical strain (point
b) was explained. These deformed NWs were color-coded by longitudinal strain distribution. A
further increase in temperature, 100K to 500K, resulted in 10.8% in the compressive critical
stress of the perfect structure. However, this increase in temperature causes only 4%
improvement in the compressive critical stress of the highly defective NW. Also, the increase in
temperature yields to a rise in the critical strain.

The impact of SFs on mechanical properties of NWs including Young’s Modulus and
critical stress versus defect densities, temperature were well investigated in both
compression and tensile test and plotted in Figs. 8 and 9. Young’s Modulus in both tension
and compression was found to be increasing in higher density of SFs in comparison to
perfect NWs at all temperatures. Raising temperature would cause relaxation of SFinduced stress and consequently lowering the strengthening effect; although, a high density
of SF (#SF=13, 26) would still be able to strengthen the material, even at high temperatures.
The highly defective NW (#SF=26) raises the compressive Young’s Modulus about 14.618

14.84% and an increase of 5.22-8.32% is seen in tensile Young’s Modulus in the simulated
temperature range. The physics behind this increase in Young’s Modulus can be explained
by the change in bond nature [11,12,17] and intrinsic SF-induced stress [17] . An overlap
between SF-induced stress and surface stress applied a local deformation on the atoms
located at the intersection of SF/free surface and bond characteristics will be altered [17].
On the other hand, the SFs disrupt the local stress distribution in their vicinity and develop
a heterogeneous stress field. Fig. 10 depicts the longitudinal strain,εz , distribution for the
relaxed structure at T=300K. The strain distribution differs around the SFs, and adding
more defect to the system would lead to overlapping among the intrinsic stress, which will
further affect the bond length resulting in variation of Young’s Modulus; bond length is
proportional to 𝑑 −4 . In low temperature, i.e., 0 K, this overlapping causes an increase in
compressive strain and a decrease in tensile strain, leading to strengthening [17]. Raising
temperature could relax the SF-induced strain by the thermal fluctuations, and more defects
are required to exceed the perfect structure. This phenomenon can be seen in Fig. 10 that
illustrates the distribution of the longitudinal strain, ϵz, for NWs with various defect
densities at T=300K. No specific pattern was detected in Longitudinal strain (e.g.,
ascending/descending) until #SF 6 and, subsequently, no remarkable improvement of
Young’s Modulus could be explored either (shown in Fig. 8 c), although, a notable growth
in Young’s Modulus was seen in SFs numbers 13 and 26. This corresponds to a reduction
in tensile strain and an increase in compressive strain; (Fig. 10 d-e) relating the direct effect
of strain distribution on fluctuation in Young’s Modulus. It is noteworthy to add that this
logic cannot be applied to highly defective NW, given that in this case, overlapping SFinduced stress values would be so large that can locally transform the WZ to BCT at the
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SF/free surface intersection zones and make a heterogeneous NW with two polymorphs,
WZ and BCT.

Figure 8. Changes of Young’s Modulus versus number of stacking fault in one NB structure.
Perfect structures’ Young’s Modulus are marked with dashed lines.
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Figure 9. Critical Stress Variations in Different SF Numbers within the NB Structure.

The changes of critical stress vs. SF density at different temperatures is plotted in Fig. 9.
Tensile critical stress value is lower in the defective than perfect structure’s, whereas,
despite the initial reduction in compressive critical stress, it gradually increases by raising
the SF density and ultimately shows higher strength than the perfect NW; #SF=26 in all
temperatures. The highly defective NWs yields an increase of 26.08-34.05% critical stress
in comparison to perfect NWs. Critical stress values in compression loading mode of low
SF density is lower than the perfect structure at all temperatures. In the presence of SFs in
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a high density, the BCT phase is observed at the intersection of SF/free surface, in contrast
to the fact that HX is the stable phase in compression; BCT was found to be stable in
tension test, thus, a higher energy is needed to transform such a heterogeneous structure
(WZ/BCT) to HX. This theory is confirmed by comparing the nucleation energy values of
high SF density in Table 2. In tension, a reverse trend was observed: reduction in critical
tensile stress for all SF density and temperatures, which is clarified by the intersection of
SFs and the free surface acting as a potential site for crack initiation.

Figure 10. Longitudinal Strain Distribution for Defective NBs at Temperature 300 K
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Chapter 3 Nanobelts (NBs)

3.1 Simulation Method
All NBs were of 400 nm length and a 90 ×90 nm cross section as shown in Fig 8. The
various I1 SF density were generated in NBs; changing from 50 (low density) to 950
SF/µm (high density). Because of the lowest formation energy within SF’s type [40] ,
I1 SF was chosen in our study. Additionally, it has been reported as the most frequent
SF in ZnO nanostructures [46]. Such a stacking fault alters the stacking sequence of
Wurtzite (WZ) phase from ABABABAB to ABACBCB [47]. This was made by
removing a Zn-O layer and moving the rest of the structure based on I1 burger vector
R= (1/2)[001]+ (1/3)[120]. The Buckingham potential [48] was employed to model the
pairwise atomic interaction,
E (rij ) 

qi q j
rij

 A exp(
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rij



)

C
rij6

(1)

Where rij and qi indicates the distance between ith and jth atom and the electric charge
of ith atom, respectively. A,C, and ρ are parameters clarifying simulated species.
Fitting values of these parameters to our study [48] are exhibited in Table 3.

Table 3. Fitted Values of Buckingham Potential Parameters for ZnO
Species

A (ev)

Ρ (oA)

C (ev-6)

Zn2+- Zn2+

0.00

0.00

0.00

Zn2+- O2-

529.70

0.3581

0.00

O2-- O2-

9547.096

0.21916

32.0

Furthermore, the Wolf summation was hired to consider the long-range electrostatic
interactions [49].In order to facilitate convergence the damping coefficient of 0.75 nm
was chosen [24].
The large-scale atomic/molecular massively parallel simulator (LAMMPS) code [35]
were hired to model the mechanical response of defective NBs due to its efficient
polarization capabilities, our model consist of about 275000 atoms, and also its inbuilt
interatomic potential. Our simulation contains following steps: i) Energy equilibrium
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where system was relaxed for 200 ps at the simulation temperature (T=0 K) under NVE
ensemble to earn the equilibrium state. ii) Pressure equilibrium: once system’s energy
is equilibrated, stresses in NBs were relaxed running a NPT simulation for 200 ps. iii)
loading state: the last step was to put loads on system by applying the
tensile/compressive strain rate of ±0.001 fs–1. The time step was set to be 1 fs for all
simulations and periodic boundary condition was applied along the c-axis as shown in
Fig 11. This procedure was also reported in earlier works on ZnO NW and predicted
the lattice parameters [47] and bulk modulus [43] correctly.

Figure 11. (a) Stacking faults are equally spaced distributed within a NBs structure. SFs location
is remarked by a dashed line. (b) A WZ structure unit cell of ZnO containing four atoms, two of
each, per unit cell.
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3.2 Mechanical Properties of NBs
Critical stress, defined as the needed stress for phase transition, and Young’s Modulus
values were calculated for each defect density under tension and compression. Fig. 12 a
exhibits the tensile critical stress of defective NBs was found to be always less than its
perfect counterpart, in contrast, the SF density shows a different influence on compressive
critical stress and results in strengthening the NBs; the critical stress shows a 63% increase
in critical stress for highly defective NBs (950 SF/µm). The changes of Young’s Modulus
versus SF density is depicted in Fig. 12 b. An improvement in Young’s Modulus appeared,
weather in tension or compression; up to 14% and 26% for the highest SF density under
tensile and compressive loading, respectively. An analogous trend had been reported in
NWs at a wide range of temperature[47].

Figure 12. (a) Critical stress increases in compressive loading in higher densities of SFs. In tensile
mode, the introduction of SFs to the structure will drop critical stress values. (b) Young's
Modulus changes versus number of stacking faults. Young’s modulus values of perfect NB are
shown in dashed lines.
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Enhancement in critical stress is justified based on overlapping SF-induced stress and
interacting with free surface stress which will result in formation of highly distorted regions
at the intersection zones [47]. To study the intrinsic stress distribution along c-axis and
probe the problem in different prospective in details, the NBs were divided to numerous
bins along the longitudinal direction and the mean atomic stress (GPa.A3) in the c-axis
(loading axis) were plotted for three representative defective NBs in Fig 12; these cases
represent the low (100 SF/µm), medium (450 SF/µm), and high (925 SF/µm) SF density.
In perfect structure, the longitudinal stress was found to be symmetrical and oscillating
about the abscissa which subsequently results in zero overall stress. Raising the SF density
lowers stress values because of an increase in total strain along the c-axis, see Fig 13. In
the defect scarce nanostructure which is confined with free surfaces, perfect lowdimensional material, the surface stress can be accommodated by straining the lattice and
consequently altering the mechanical properties based on the core/shell model [13]
However, the presence of defects, here SF, creates another way to relax the surface stress
r; straining the lattice and also forming deformed region at the intersection of free
surface/SF. This bears a reduction in overall intrinsic stress and consequently decreasing
initial elastic energy; which will lead to an increase in critical stress needed for PT. This
strengthening mechanism was not, however, observed under tensile loading due to fracture
of NB prior to the required energy for PT; the deformed regions at SF/surface intersection
play the role of stress concentration. Changes of bond characteristics is the key point of
increase in Young’s Modulus under tensile/compressive loading [47].
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Figure 13. Longitudinal stress of low, medium and high level of SF density compared to the
perfect counterpart
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Figure 14. Strain distribution along C axis from perfect structure to 925 SF/µm

Impressions of SF density introduction on deformation mechanism was analyzed through
the stress-strain curve as well as corresponding deformation in structures depicted in Figs
15-18.
Fig. 15 (a) shows the stress- strain curve of perfect NBs where the initial stable structure is
wurtzite (WZ) whose cross section is seen as a hexagon. During compression test stress
decreases by raising strain until the critical point where phase transition to hexagonal (HX),
which can be distinguished by a rectangular cross section, was found to begin by nucleation
of hexagonal phase takes place on free surfaces located at the middle of NB as well as two
ends (Fig.15 (b), PC2). Coordination analysis assisted us to visualize the progress of phase
transition under loading. Coordination numbers of WZ and both HX and BCT are five and
four, respectively. It is noteworthy to add that atoms on free surfaces have greater values
of energy and willing to phase transition. Such a phase transition would resales the elastic
energy, and further raise would propagate HX phase through the structure (PC3). In
tension test, stress increases by raising strain up to a critical point, corresponding to
29

maximum value, and at that point phase transition to body center tetragonal (BCT) phase
occurs (PT3). BCT polymorphs appear with an octagonal cross sections separated by HX
phases. Similarly to compression test, free surfaces were observed to be more probable
regions to phase transition. The brittle failure is expected due the low simulation
temperature, T=0K. By increasing the temperature, e.g. 300K, the brittle to ductile
transition can be observed and the phase transition is the sole mechanism for stress
relaxation [50][47].
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Figure 15. Perfect NBs. (a) stress- strain curve of perfect NBs under compressive and tensile
loading. (b) WZ phase transition to HX takes place in compressive loading and (c) BCT
polymorph exists in tensile test.
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SFs were then introduced with variable densities ranging from 50SF/µm to 1850SF/µm
and the effect of SFs on mechanical properties, phase transition and deformation under
tensile and compressive loading were probed. Stress- strain curve of a defected NW with
2 SFs or equally 50SF/µm representing the low density of SFs. in compressive load mode,
phase transition from WZ to HX was found to occur between SFs, where is a severely
deformed zone at the intersection of free surfaces and SFs and arrests further phase
transition, in addition to two ends (Figure 16 (b), SFC2). In tensile mode, BCT phase
appears on free surfaces similar to the perfect structure and the specimen fractures from
one end, although transition to BCT happens at a lower strain (SFT3). Young’s modules
was found to increase 8.6 and 8.9% in tensile and compressive loading, respectively. In
contrast, critical stress magnitude decreased 6.8 and 6.3% under tension and compression
test, respectively.
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Figure 16. (a) stress- strain curve of SF2 structure looks similar to the perfect structure’s. (b) WZ
to HX phase transition befalls under compressive loading at a lower strain in comparison to the
perfect structure. (c) BCT polymorph nucleates at the free surfaces under tensile test.
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Density of SFs was raised to 450 SF/µm, equal to SF=18, to investigate medium density
of SFs in NBs. In compressive mode, a plateau was seen signifying an improvement in
load-carrying capacity (SFC2-SFC3) of 13% compared to the perfect counterpart.
Although HX phase exists on two ends at free surfaces due to compressive load, in such a
plateau SFs cease phase transition and to proceed a higher load value would be needed
which will further make an auxiliary mechanism of stress relaxation activated that is,
herein, found to be the twin boundary formation. Once the twin boundary forms, the
compressive stress will be released above the twined zones and thus, those zones will be
under a tensile load which will consequently bear BCT phase nucleation (Figure.17 (b)
SFC4). In tensile mode, phase transition from WZ to BCT occurred (Figure 17(c) SFT3)
as it was expected and appeared as a sharp decrease in stress-strain curve. The NB fractures,
however, between the two closest SFs to the one end.
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Figure 17. (a) Plateau observed in compressive loading. (b) WZ to HX transition (SFC2) and
BCT nucleation after twin boundary formation (SFC4). (c) Phase transition to BCT followed by
failure
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The highest density of SFs in our work was 37 SFs in a NB structure being equal to 925
SF/µm where SFs are located relatively close to each other (Figure 18 (b) SFC1,T1). In
compressive mode, stress increases by raising strain values, until it reaches a plateau where
HX slightly nucleates between SFs intersecting free surfaces, additionally, HX phase more
quickly nucleates and propagates on two ends (Figure 18 (b) SFC3). In contrast to SF=18
and 25, BCT polymorph was not observed in compressive load. In tensile mode, similar to
SF=25, BCT phase did not nucleate and WZ polymorph is the only available phase to
failure (Figure 18 (c) SFT3). Such a phenomenon may be justified by presence of a high
density of SFs located so close to each other that their strain distribution can overlap and
will consequently cease any phase transitions.
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Figure 18. (a) Stress- strain curve of SF=37 looking analogous to SF=18 and 25. (b) WZ to HX
phase transition in a compressive load, however, no twin boundaries formed. (c) WZ is the stable
phase in the entire tensile test up to failure point.
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In order to study verify the possibility of PT in NBs due to temperature increase, the three
NB structures containing the highest SF densities were equilibrated at the temperature of
300 K to investigate the formation of BCT polymorph in structures. BCT phase was found
to appear in severely deformed areas between SFs intersecting to free surfaces, see Figure
19. This verifies our hypothesis that the overlapping SF-induced stress can lead to phase
change in higher temperatures.

Figure 19. The three highest SF density structures SF=18, 25 and 37 equilibrated at temperature
of 300 K. BCT phase was seen after equilibration prior to starting tensile/ compressive loading

3.3 Random Distribution of SFs
One may claim that such ordered distribution of SFs might be the main reason of increasing
critical stress as well as Young’s modulus in compression. In order to enlighten such an
assumption, SFs were randomly distributed within the NBs to break the symmetry of
distribution for two cases, SF=325, 450 SF/µm; these two densities were chosen to provide
enough space to generate random distribution of SFs in addition to great mechanical
properties. Changes in the critical stress for five different distribution with the same SF
density were depicted in Fig. 20. The critical stress has an average and standard deviation
of -6.96 and 0.21 for SF=450 SF/µm , and -6.57, and, 0.08 for SF=325 SF/µm, respectively.
Although such values are less than the critical stress of equally distributed SFs within the
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NB structure, the minimum calculated critical stress, -6.63 GPa for 325 SF/µm, and -7.04
GPa for 450 SF/µm are still slightly greater than perfect NB structure, -6.53 GPa. The
most important reason behind this variation in critical stress is assumed to be the intrinsic
SF-induced stresses; the compressive SF-induced stresses causes the HX nucleation
(decrease in the critical stress) and tensile intrinsic stress postpones the nucleation (increase
in the critical stress). Such a hypothesis was verified through plotting the intrinsic strain
distribution along the c-axis for Case#3 and 4 for SF=450 SF/µm and Case#1 and 4 for
SF=325 SF/µm, see Fig. 21; following specimens represent minimum and maximum of
critical stress for both SF densities.
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Figure 20. Intrinsic strain distribution along the c-axis a) Strain distribution in maximum and
minima of randomly distributed SF=13. b) Strain distribution on maximum and minimum of
random SF=18.

Fig 20 shows that PT begins at the zones with initial compressive strains whose location
depends on the SFs distribution.
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Average values and standard deviation of Young’s modulus were calculated to be 159.73
and 0.14 for SF=325 SF/µm, and 164.9 GPa and 0.26 for SF=450 SF/µm, respectively,
which are both smaller than perfect counterpart’s.

Figure 21. (a) Critical stress values of randomly distributed SFs in SF=13 and 18 are still greater
than perfect counterparts. (b) Although the deviations in Young’s modulus look to be larger than
critical stress’, Average values of Young’s modulus of randomly distributed structures with the
same SF density are found to follow similar trend.

3.4 Aspect Ratio
Mechanical properties dependence on aspect ratio, the ratio of length to width, was
investigated in perfect and highly defective NBs, because of excellent mechanical
properties. Width of NBs was kept constant. 90 A, while length varied to 100,200,300,400
A. Young’s Modulus and critical stress were calculated and plotted in Fig.22. These aspect
ratios are much smaller than the critical buckling aspect ratio of ZnO NWs, (L/D)crit=40,
that obtained from experimental [51] [52], and assures of no buckling instability in our
simulations. The width was kept constant to eliminate the size effect on results and solely
focus on the effect of aspect ratio. Mechanical responses of NBs are found to be
independent of aspect ratio, despite the fact the there is an optimal aspect ratio for twining
strengthening of gold nanopilars (NPs) [53]. The unique stress relaxation mechanism in
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ZnO NBs and Gold NPs is the key point of such a difference. Drop in stress drop in ZnO
NBs is caused by PT, whereas, dislocation nucleation has been reported as the main
mechanism of stress relaxation in nano-twinned gold NPs where dislocations were
observed to nucleate from the twin boundary (TB)/free surface. Arrest of dislocations at
the TBs results in strengthening. It is noteworthy to add that these dislocations may be
channeled to the TBs and free surfaced to be abolished from the NPs. PT may be arrested
at the SFs and bears extra strengthening, it will never be annihilated from structure though.
Based on this reason, one may infer SF strengthening mechanism should be more stable.
The aspect ratio shifts the nucleation site of HX/BC but the deformation mechanism stays
the same.

In tension, the defective NB fractures with no major phase transition

(WZBCT) and the perfect NB release stresses by nucleation of BCT polymorph from
free surfaces. Under compressive loads, however, the phase transition to hexagonal holds
the most important source of reduction in stress.

Figure 22. Dependence of critical stress and Young’s modulus on aspect ratio. a) The critical
stress stays unchanged versus aspect ratio with a very low deviation of 2.2%. b) The Young’s
modulus is independent of aspect ratio with a maximum deviation of 0.7%.

42

Conclusion
The effects of the introduction of SFs to nanostructures in different SF distributions,
temperatures, defect densities, loading conditions, aspect ratio and sizes were investigated
in this work. In NWs under tensile loads, introduction of equally-spaced SFs to structure
results in a 7% increase of Young’s modulus, but a decrease in critical stress. In contrast,
under compressive loading, Young’s modulus and critical stress were found to be improved
by 14% and 30%, respectively. Such enhancements are justified by interaction between
SFs and free surfaces, overlapping of the intrinsic SF-induced distortion fields, and changes
in bond strength. SFs generation along the c-axis develops a bamboo-like structure, which
move nucleation sites toward the middle of each segment and create a barrier for
propagation of the new PT. One may conclude PT might be arrested at the immobile SFs,
which will enhance the compressive load carrying capacity of the highly defective
nanostructures.
Furthermore, a unique stress relaxation and deformation mechanism was found in
nanostructures with high densities of SFs, where mechanical energy storage capacity
increases and consequently twin boundary formation occurred to release the stored energy.
In NBs with a rectangular cross section area, SFs were introduced to the structure in low,
medium, and high densities, ranging from 50 SF/µm to 925 SF/µm. Equally spaced SFs
caused an increase of 26% and 14% in Young’s modulus in compressive and tensile
loading, respectively. Critical stress under compression experienced a 63% increase,
whereas it was reduced in tensile loading. Similarly, phase transition from WZ to HX and
BCT were observed under compression and tension, respectively. In order to prove the
advantage of SF introduction to structure, randomly distributed SFs (whose defect densities
were of 325 and 450 SF/µm) were found to enhance Young’s modulus in compression 7%
and 10%, respectively. Moreover, the changing of mechanical responses versus aspect ratio
was probed in high densities of SF and mechanical properties were proved to be
independent of the aspect ratio.
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Such non-trivial achievements challenge traditional assumptions that emphasize that the
presence of defects disrupts mechanical properties, and these achievements will enable
researchers to fabricate materials for specific environments and design structures for novel
applications. Interaction between SFs and free surfaces, bond strength changes, and locally
SF-induced distortion were detected to be the main physics behind tuning mechanical
properties. Phase transition is held at SFs with a high energy barrier that enhances critical
stress values in compression. For future works, investigation of defect impacts on electrical
and optical properties are suggested, which would be better conducted via DFT or ab-initio
based methods. Such studies could create new paths to comprehensively utilize defect
engineering to tune materials properties.
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